Metazoans display a tremendous diversity of developmental patterns, including complex life cycles composed of morphologically disparate stages. In this regard, the evolution of life cycle complexity promotes phenotypic diversity. However, correlations between life cycle stages can constrain the evolution of some structures and functions. Despite the potential macroevolutionary consequences, few studies have tested the impacts of life cycle evolution on broad-scale patterns of trait diversification. Here we show that larval and adult salamanders with a simple, aquatic-only (paedomorphic) life cycle had an increased rate of vertebral column and body form diversification compared to lineages with a complex, aquatic-terrestrial (biphasic) life cycle. These differences in life cycle complexity explain the variations in vertebral number and adult body form better than larval ecology. In addition, we found that lineages with a simple terrestrial-only (direct developing) life cycle also had a higher rate of adult body form evolution than biphasic lineages, but still 10-fold lower than aquatic-only lineages. Our analyses demonstrate that prominent shifts in phenotypic evolution can follow long-term transitions in life cycle complexity, which may reflect underlying stage-dependent constraints.
Metazoans display a tremendous diversity of developmental patterns, including complex life cycles composed of morphologically disparate stages. In this regard, the evolution of life cycle complexity promotes phenotypic diversity. However, correlations between life cycle stages can constrain the evolution of some structures and functions. Despite the potential macroevolutionary consequences, few studies have tested the impacts of life cycle evolution on broad-scale patterns of trait diversification. Here we show that larval and adult salamanders with a simple, aquatic-only (paedomorphic) life cycle had an increased rate of vertebral column and body form diversification compared to lineages with a complex, aquatic-terrestrial (biphasic) life cycle. These differences in life cycle complexity explain the variations in vertebral number and adult body form better than larval ecology. In addition, we found that lineages with a simple terrestrial-only (direct developing) life cycle also had a higher rate of adult body form evolution than biphasic lineages, but still 10-fold lower than aquatic-only lineages. Our analyses demonstrate that prominent shifts in phenotypic evolution can follow long-term transitions in life cycle complexity, which may reflect underlying stage-dependent constraints.
Amphibia | direct development | paedomorphosis | metamorphosis | traits C omplex life cycles allow organisms to exploit multiple environments across ontogeny (1, 2) . Studies of complex life cycle evolution have largely focused on how metamorphic remodeling can "adaptively decouple" traits expressed at different stages (2) . In essence, metamorphosis should minimize the negative consequences of stage-specific adaptations and facilitate the evolution of contrasting lifestyles within a single ontogeny (2) (3) (4) (5) . However, even when an organism endures a dramatic metamorphosis, some tissues may remain relatively unchanged or bear strong correlations among stages (3) (4) (5) . This can present character conflicts that limit evolution by requiring that traits be simultaneously adapted to different ecological scenarios (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In general, the loss of intraspecific complexity is predicted to promote trait diversification through "character release" (13) . Despite the projected macroevolutionary consequences of maintaining intraspecific complexity, most quantitative analyses have been conducted within species (e.g., refs. 11 and 14) .
The diverse developmental and reproductive modes of amphibians offer compelling systems for testing how ontogeny impacts phenotypic evolution (4, (15) (16) (17) . Most amphibians exhibit a two-part (biphasic; bi) complex life cycle, with an aquatic larval stage followed by metamorphosis into a more terrestrial adult (4, 18) . However, many lineages have deviated from this pattern to produce a wide range of developmental modes. Larval form paedomorphosis (pd) is a simplified life cycle that involves the retention of the ancestral aquatic larval morphology and ecology into adulthood (18) , and has evolved many times in salamanders (19) (20) (21) . Conversely, most species in the highly diverse family Plethodontidae fully transform in ovum (direct development; dd) and have an entirely terrestrial life cycle (4, 16, 22) . Developmental diversity has been frequently implicated in shaping patterns of amphibian evolution (4, 15-17, 20, 23-25) , but explicit phylogenetic tests of how life cycle complexity influences trait evolution have not been performed.
Here we used phylogenetic-based shape and continuous trait diversification (i.e., disparification; ref. 26) analyses to test whether salamander life cycle simplification influences rates of larval and adult body form evolution. If the maintenance of a complex life cycle constrains body form, then reducing life cycle complexity should increase the evolutionary rate of constituent traits. We tested these patterns against alternative models based on larval and adult ecologies. This study highlights the potential constraints of complex life cycles on the evolution of prominent morphological traits, and shows how responses to selection after simplification can be trait-and stage-dependent.
Results
Ancestral State Reconstructions. Bayesian ancestral state reconstruction (27) supports biphasic ancestors for basal salamander nodes, including the common ancestor of extant species ( Fig. 1 and SI Appendix, Table S1 ). This indicates independent transitions to obligate paedomorphosis in cryptobranchids, sirenids, proteids,and amphiumids, as well as many recent transitions ( Fig. 1 ). Our reconstruction also further supports a direct-developing ancestor for the Plethodontidae (21) . This family appears to have re-evolved free-living aquatic larvae in Desmognathus, Hemidactylium, and the tribe Spelerpini (21, 28, 29) , with several transitions to paedomorphosis in the latter clade (20, 21) ( Fig. 1) .
We analyzed the evolution of two body form metrics: (i) "trunk vertebral number" (between the atlas and the sacrum; refs. 23 and 30), which is established during embryonic development and persistent across ontogeny (30, 31) ; and (ii) "adult body form" (adult body length divided by body width), which approximates the degree of elongation. Our Bayesian stable trait reconstructions (32) estimate that Mesozoic ancestors of modern salamander lineages had 13-17 trunk vertebrae ( Fig. 1 ). This is consistent with Late Jurassic salamander fossils assigned to crown families (33) (34) (35) , and demonstrates at least three major expansions in trunk vertebral
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Data deposition: The phylogenetic tree set has been deposited in the Dryad Repository (dx.doi.org/10.5061/dryad.pn5kg). 1 To whom correspondence should be addressed. Email: ron-bonett@utulsa.edu. numbers in paedomorphic lineages (amphiumids, sirenids, and the proteid genus Proteus). Ancestral salamanders likely had relatively stout adult body forms, similar to the estimated trait optimum for a biphasic life cycle (length-to-width ratio ∼8-10). Elongation was also independently derived multiple times in paedomorphic and direct-developing lineages ( Fig. 1 ).
Increased Rates of Body Form Evolution in Paedomorphs. Body shapes of larval salamanders (n = 27 taxa from all 10 families) were analyzed using geometric morphometrics. Principal component 1 (PC1) explains 92% of the variation in larval body shape ( Fig. 2 ) and is highly correlated with larval body length-to-body width ratio ("larval body form"; R 2 = 0.707; P < 0.001), indicating that body elongation is a primary axis of shape variation in larval salamanders. Phylogeneticbased geometric morphometric analyses (36, 37) show that larvae of paedomorphic lineages have a >3.5-fold higher rate of body shape evolution than larvae of biphasic lineages (Sigma D ratio = 3.54; SI Appendix, Fig. S1 ). In comparison, lineages with lentic (ponddwelling) larvae have a twofold higher rate of body shape evolution compared with lotic (stream-dwelling) lineages (Sigma D ratio = 1.99). In both cases, the differences in rate are significant compared with random groups (P < 0.0001), but life cycle has a higher rate ratio than larval ecology.
Based on species with free-living larval forms, we compared the fit of variation in trunk vertebral number (n = 143 taxa) and adult body form (n = 113 taxa) across a sample of salamander phylogenies using Brownian motion (BM) and Ornstein-Uhlenbeck (OU) models (38) . We tested whether the rates of evolution (σ 2 ) and optima (θ) for body form metrics differ between life cycle modes (paedomorphic vs. biphasic) or larval ecologies (lentic vs. lotic). The best-fitting models for trunk vertebral number and adult body form allowed for different optima and rates of trait evolution between biphasic and paedomorphic lineages (Life Cycle BM θσ 2 and OU θσ 2 ; SI Appendix, Tables S2 and S3 ). For both metrics, the best-fit single rate models were substantially worse [delta Akaike Information Criterion (ΔAIC) >130 and 80, respectively; AIC weights (w i ) < 0.0001]. Trunk vertebral number is estimated to evolve at a ∼50-fold higher rate in paedomorphs than in biphasics. Paedomorphs also have a greater optimum number of trunk vertebrae (θ: bi, 15.7 ± 0.04; pd, 40.5 ± 0.55). Likewise, paedomorphs have a >18-fold higher rate of adult body form evolution compared with biphasics, and their optimal body forms are almost twice as elongate (θ: bi, 8.3 ± 0.01; pd, 15.6 ± 0.09). In stark contrast, models fit to larval ecology are substantially worse than those fit to life cycle (ΔAIC >116 for trunk vertebral number and >83 for adult body form; w i < 0.0001).
Some salamanders can exhibit "facultative paedomorphosis" (39), and maintain the ability to metamorphose in nature. Throughout this Table S1 , with comments on Mesozoic fossils). Branch colors indicate the most likely life cycle mode (highest proportional probabilities below branches). Above the branches are median numbers of trunk vertebrae (left of line) and adult body forms (right of line). Only taxa with both data types present (n = 157) are shown, but analyses were based on maximum data sets for each trait (SI Appendix, Table S9 ). Asterisks highlight select plethodontids referenced in the text. study only obligate paedomorphs were coded as paedomorphic to evaluate the long-term consequences of life cycle simplification. Nevertheless, when we treat all species that can exhibit paedomorphosis (facultative and obligate) as a group, life cycle differences still best explain variation in trunk vertebral number and adult body form. However, the fit of the "facultative model" is significantly worse than when obligate paedomorphs are coded separately. This indicates that the vertebral columns and adult body forms of facultative paedomorphs evolve more similar to biphasics than to obligate paedomorphs (ΔAIC >64 and 32, respectively). Our results are also robust whether ancestral salamanders were paedomorphic (40) or biphasic (SI Appendix, Tables S1-S3). Taken together, our analyses of vertebral columns and body forms of salamanders with aquatic larvae demonstrate that major disparities in rates are more likely a consequence of permanent shifts in life cycle than larval ecology.
Differential Impacts of Simplification on Body Form Evolution. We further compared the fit of adult body form (n = 199 taxa) and trunk vertebral numbers (n = 265 taxa) with BM and OU models with that of phylogenies that also included direct developing species (one-part, terrestrial-only life cycle). We differentially coded direct developers to compare three different models: (i) Adult Ecology: terrestrial adults (direct developers and biphasics) compared with aquatic adults (paedomorphs), to test whether adult ecology influences rates of body form evolution; (ii) Two Life Cycles: one-part life cycle (direct developers and paedomorphs) compared with twopart life cycle (biphasics) to test whether life cycle simplification, regardless of the stage deleted, produced similar patterns of body form diversification; and (iii) Three Life Cycles: direct developers, biphasics, and paedomorphs, coded as three separate groups to evaluate whether each life cycle mode has a unique signature of trait diversification.
The Three Life Cycles OU model, which allows different optima and rates for paedomorphs, biphasics, and direct developers, was a substantially better fit for adult body form compared with the other models (ΔAIC >6; w i > 0.95; Fig. 3 and SI Appendix, Table S4 ). Consistent with the analyses without direct developers, paedomorphs showed an ∼18-fold increase in the rate of adult body form evolution compared with biphasics. Rates of evolution for direct developers were also significantly higher than for biphasics, albeit to a lesser degree (∼1.6-fold). Likewise, the adult body form optimum for direct developers was higher than that for biphasics, but significantly lower than that for paedomorphs (θ: bi, 8.2 ± 0.02; dd, 10.6 ± 0.04; pd, 15.4 ± 0.08) ( Fig. 3 ). For trunk vertebral data, BM θσ 2 and OU θσ 2 models for Adult Ecology and Three Life Cycles were fit somewhat equally, but substantially better than all models based on Two Life Cycles (ΔAIC >130; SI Appendix, Table S5 ). In other words, trunk vertebral evolution is statistically similar among lineages with terrestrial adults, and >40-fold slower than in lineages with aquatic adults. The lack of difference in trunk vertebral number between direct developers and biphasics can be in part explained by neotropical plethodontids (24, 41) , which can shift body shape independently of trunk vertebral number (discussed below). In summary, obligate paedomorphs show the most dramatic increase in optima and rates of trunk vertebral number and adult body form evolution compared with all other salamanders. Direct developers have significantly higher optima and rates of adult body form evolution compared with biphasics, but these parameters are still substantially lower than those of paedomorphs.
In addition to a terrestrial adult ecology, direct developers and biphasics share the development of terrestrial morphology, which could entail developmental constraints (4, 15, 16) . Two obligately paedomorphic families (Amphiumidae and Cryptobranchidae) exhibit partial metamorphosis, meaning that some structures transform (e.g., external gills), but others do not (e.g., internal gills). Body forms of partially metamorphic lineages are better fit with aquatic nontransforming lineages than with terrestrial transforming lineages (ΔAIC > 38; SI Appendix, Table S4 ). This suggests that body form limitations of lineages with terrestrial adults and complete transformation do not extend to obligately aquatic lineages that only partially transform. Using BM and OU models, we compared the fit of trunk vertebral number and "adult trunk form" (body length minus head length divided by body width) evolution between bolitoglossines (except Oedipina) and other direct developers (n = 62 taxa). Adult trunk form was used to capture the shape of the body that largely overlaps with trunk vertebrae. Bivariate evolutionary rate matrix analyses (under BM) show substantial differences in the rate and correlation of these two traits between the groups (ΔAIC >37; w i > 0.99) (SI Appendix, Table S6 ). As expected, we found an extraordinarily low rate of evolution in the number of trunk vertebrate in bolitoglossines (minus Oedipina) compared with other direct developers. However, the rates of adult trunk form evolution are equivalent in the two groups, and there is only minimal support for differences in optima (SI Appendix, Tables S6-S8). Despite the seemingly high constraint on 14 vertebrae, the rate of trunk form evolution has not been significantly inhibited in bolitoglossines compared with other direct developers. This demonstrates how body form evolution can find alternative pathways to bypass apparently strong developmental constraints (24, (41) (42) (43) .
Discussion
Life Cycle Constraints on Patterns of Trait Evolution. Constraints shape phenotypic distributions by limiting trait variation (4, 24, (44) (45) (46) (47) (48) . Therefore, the removal of constraints should provide opportunities for increased trait diversification, and may even permit evolution to novel reaches of phenotypic space (44, 47) . Selection pressures can vary across ontogeny and present conflicts to adaptation (6) (7) (8) (9) (10) (11) (12) . Such patterns are accentuated in organisms with complex life cycles, and while metamorphosis between stages can minimize conflicts (2), increased ontogenetic complexity should constrain evolutionary responses (12, 47) . We analyzed trait evolution in a clade that exhibits extensive life cycle variation to test whether character conflicts inherent to complex life cycles limit phenotypic evolution over deep times scales. We found that multistage life cycles are associated with reduced evolution of salamander body forms. Ancestral salamanders likely had a biphasic life cycle (Fig. 1 ), and this strategy has resulted in relatively limited larval body shape, trunk vertebral number, and adult body form evolution over the last ∼160 My. In comparison, the numerous transitions to obligate paedomorphosis are associated with dramatic increases in evolutionary rates for these traits (Fig. 2 and SI Appendix, Tables S2-S5 ). Lineages with direct-developing life cycles also have elevated rates of adult body form evolution compared with biphasic lineages, but still substantially lower than those of paedomorphs ( Fig. 3 and SI Appendix, Table S4 ). If the reduced body form variance in biphasic lineages is a product of constraint, then our results indicate that the impact of simplification on trait diversification is dependent on which stage is deleted from the life cycle.
Each life cycle stage potentially enforces a unique set of constraints that could limit variation at other stages (6) (7) (8) (9) (10) (11) (12) . Therefore, addition or subtraction of stages could simultaneously alter the stringency of constraints on many traits and result in major shifts in phenotypic evolution. Obligate paedomorphosis entails deletion of the terrestrial stage and has produced the most dramatic effect on vertebral column and adult body form evolution ( Fig. 3 and SI Appendix, Tables S4 and S5 ). In contrast, the loss of an aquatic larval stage through direct development has resulted in a relatively modest or no increase in rate for the same traits. However, it is important to note that the influences of constraints are likely stageand trait-dependent. For example, in biphasic species, the larval hyobranchial apparatus is remodeled at metamorphosis, from a gape-and-suction feeding structure to a protrusible tongue skeleton (18, 49) . In contrast, direct-developing species no longer require a functional larval throat skeleton and have highly derived tongues, attributed in part to loss of the aquatic larval stage (24, (49) (50) (51) .
Life Cycle Shifts and the Evolution of Tetrapod Body Forms. The anterior-to-posterior axis is a primary source of shape disparity across many vertebrate clades (30, 41, (52) (53) (54) (55) (56) . Body elongation of tetrapods is largely a product of patterns of somitogenesis and specification of the sacrum during embryogenesis (30, 31) . Therefore, trunk vertebral numbers and general axial shape are persistent across the ontogenies of most tetrapods, and are central to the functional morphology of locomotion on diverse substrates (52, 55) . For example, trunk elongation of tetrapods often coincides with fossoriality (30, 41) or recolonization of aquatic environments (57) . Species that undergo major ontogenetic transitions in habitat without a concomitant change in form (metamorphosis) may be constrained to a body shape that is sufficient for both environments. Biphasic salamanders require a general trunk shape that is effective in water as well as on land. Our reconstructions and several Late Jurassic species show that ancestral salamanders had relatively short trunks and trunk vertebral numbers similar to modern biphasic species (33) (34) (35) (Fig. 1 ). Since then, even some highly divergent biphasic species have remained similar in larval and adult shape (e.g., Ambystomatidae and Hynobiidae; divergence ∼160 Mya; Figs. 1 and  2) . Over a shorter period, the independent shifts to an aquatic-only life cycle via paedomorphosis have given rise to salamanders with the most elongate body forms (e.g., Amphiumidae, Sirenidae, Proteus), and up to four times as many trunk vertebrae. Two extinct paedomorphic families (Batrachosauroididae and Scapherpetontidae) were also likely elongate (58, 59) , further supporting an association between permanently aquatic life cycles and eel-like body forms.
Most actinopterygian eels use anguilliform locomotion, propelled by lateral undulation of the trunk and tail (60) . Salamanders swim using the same regions of the axial skeleton (57) , which may have provided a fitness advantage to eel-like body forms in several permanently aquatic salamanders. However, the divergent body forms of paedomorphs are a product of increasing both optimum and variance (rate). In fact, obligate paedomorphs have evolved a wide range of highly derived body forms. These include deep aquifer-dwelling paedomorphs (e.g., Eurycea rathbuni) that have lost trunk vertebrae and river-dwelling paedomorphs with dorsoventrally flattened bodies (e.g., cryptobranchids). Our analyses show that extensive salamander body form diversification follows simplification to a completely aquatic life cycle, perhaps facilitated by the removal of functional constraints of terrestriality.
Simplification to a terrestrial-only life cycle through direct development in the Plethodontidae has significantly increased rates and optima of adult body form evolution compared with biphasic lineages (Fig. 3 and SI Appendix, Table S4 ). Direct-developing plethodontids include species with terrestrial, arboreal, and fossorial ecologies (16, 30, 61, 62) , with the greatest departures in body form by fossorial, "worm-like" taxa, such as Plethodon, Batrachoseps, Oedipina, and some Pseudoeurycea (23, 30, 41) . There is generally a positive relationship between body elongation and numbers of vertebrae. Notable exceptions are the neotropical plethodontid salamanders (except Oedipina), which have remarkably conserved numbers of trunk vertebrae (14 for nearly all species; refs. 23 and 41). However, despite the seemingly canalized vertebral numbers, their rate of body form evolution has kept pace with that of other direct developers (SI Appendix, Tables S6-S8 ). These include species that evolved worm-like bodies without adding vertebrae (24, 41) , similar to the elongation of cervical vertebrae in giraffes (63) . Thus, the evolution of trunk shape is relatively independent of vertebral numbers in some clades.
Species can either change the length of individual vertebrae or patterns of postembryonic somatic growth (41) (42) (43) , which provides multiple developmental pathways to convergent body forms. Neotropical plethodontids also demonstrate how functional evolution can circumvent constraints by following a path of least resistance (64) . Ecologically, the evolution of direct development provided opportunities for salamanders to colonize diverse terrestrial habitats (16, 30, 41, 61, 62) . Functionally, the loss of a free-living larval stage may have facilitated diversification by eliminating the compromise between optimal aquatic and terrestrial body forms.
Direct-developing and biphasic lineages share the development of a terrestrial morphology in addition to terrestriality itself. The process of metamorphosis (4, 15, 16) and the integration of typically postmetamorphic structures (9, 47) likely impart significant developmental constraints, but seem less likely to influence the body form parameters analyzed here. This is because (i) axial proportions of salamanders are primarily a product of early development, which occurs from months to years before metamorphosis; (ii) divergent body shapes, such as elongation, occur in lineages that metamorphose the fastest (direct developers) and slowest (paedomorphs); and (iii) families that partially metamorphose but are completely aquatic (e.g., amphiumids, cryptobranchids) also exhibit highly derived body forms (SI Appendix, Table S4 ). Traits directly involved in (or transformed during) metamorphosis are more likely to be constrained by this process (3, 4) . The stage-dependent and differential effects of life cycle shifts and metamorphosis on trait evolution is a fertile area for future research at multiple levels of organization. Phylogenetic-based analyses of trait evolution can be a powerful tool for evaluating the role of life cycle evolution on phenotypic diversification.
Short-and Long-Term Life Cycle Transitions on Body Form Evolution.
Climatic variables (temperature and moisture) are correlated with vertebral counts in some salamanders (30, 65, 66) , and temperature-dependent plasticity in axial variation is also well documented (30) . However, developmental and evolutionary responses can be strikingly different among clades (reviewed in ref. 65 ). It has been suggested that shifts in the number of trunk vertebrae may reflect the proportion of life spent in the water vs. on land (or underground; refs. 30 and 65). Since both climatic patterns and the timing of life history events can be quite labile (39) , it is likely that salamander body forms have been frequently reoptimized to match their contemporary conditions. Our estimates of "selection strength" (α) on trunk vertebrae and adult body form were low. This suggests that recent patterns of selection (where α is best estimated; ref. 38 ) have had comparatively less impact on overall patterns of salamander body form diversification. The overarching patterns are best explained by increases in optima (θ) and rates (σ 2 ) coinciding with long-term life cycle simplifications. Our findings are consistent with other macroevolutionary analyses that have demonstrated long-term stasis despite frequent phenotypic fluctuations over short time scales (67, 68) . More pronounced and persistent changes in trait disparity are less frequent, and likely result from permanent shifts in adaptive zones (69) (70) (71) . The body forms of biphasic salamanders (including those that exhibit facultative paedomorphosis) have not deviated significantly from ancestral patterns since the Mesozoic. Long-term life cycle simplifications correspond with distinct shifts to completely aquatic or completely terrestrial adaptive zones (23, 69) , and have collectively produced a wide diversity of salamanders with disparate morphologies. This shows how major ontogenetic shifts, such as the deletion of a life cycle stage, may allow for less encumbered divergence in trait distributions and lead to a tremendous diversification of forms.
Materials and Methods
Phylogeny and Ancestral State Reconstructions. We used BEAST 2.4 (72) to reconstruct a time-calibrated salamander phylogeny with 516 taxa based on three mitochondrial (Co1, Cytb, and ND2) and four nuclear (BDNF, Pomc, RAG1, and Slc8a3) protein-coding genes (totaling 7,401 character states; average of 3.3 genes and 3,047 bp per taxon; SI Appendix, Fig. S2 and Table S9 ). We used Partitionfinder 2.1 (73) to identify optimal substitution and site heterogeneity models. An uncorrelated lognormal molecular clock with node calibrations based on Shen et al. (74) and a Yule speciation prior were applied to the reconstruction (SI Appendix, Tables S10 and S11). Three separate analyses were run for a total of 30 million generations, and 1,000 chronograms were sampled from 20 million generations after stationarity of likelihood values (i.e., 1,000 post-burn-in trees). These chronograms (available on Dryad) are highly congruent with other recent phylogenies based in part on the same sequences.
Ancestral life cycle modes were reconstructed using a "Multistate" model and Markov chain Monte Carlo (MCMC) analysis in BayesTraits v. 2.0 (27) . Life cycle was treated as an ordered, categorical trait with three states: direct development, biphasic, and paedomorphic. The life cycles and ecologies of most species are well established (SI Appendix, Table S9 ). Direct transitions were restricted to biphasic and direct development or biphasic and paedomorphic, but not between direct development and paedomorphic (transitions set to zero probability). The analysis was run for 4 million post-burn-in generations sampled at random across our 1,000 chronograms.
We compiled mode numbers of trunk vertebrae (between the atlas and the sacrum) from the literature and our own counts (SI Appendix, Table S9 ). The metrics for adult body form (snout-to vent length divided by body width) and adult trunk form (snout-to vent length minus head length divided by body width) were calculated from the measurements reported by Wiens and Hoverman (25) . The purpose of using ratios was to capture relative elongation and remove size. We acknowledge that convergent patterns can be produced by changing length or width, in addition to the other limitations of analyzing ratios (75) . Continuous trait analyses of trunk vertebral number and adult body form were performed under the Bayesian stable trait model in StableTraits v. 1.5 (32) and run for 1 million generations on a consensus of our Bayesian chronograms. The stable trait model allows for large changes in trait values among lineages, which we would anticipate given the strong differences in rates and optima among life cycle modes.
Rates of Larval Shape Evolution. We used geometric morphometrics to test for differences in rates of larval shape evolution. These analyses were based on larvae from 27 species representing all 10 families of salamanders (SI Appendix, Table S9 ). All larvae were sampled from a point in ontogeny after four limbs were developed (except sirenids), but before the initiation of metamorphosis. Three to five specimens per taxon were imaged, and seven homologous landmarks were placed using tpsDig 2.16. Imaging and landmarking details are provided in SI Appendix, Fig. S3 . Superimposition of homologous landmarks (76) and calculation of principal components were performed with the R (77) package geomorph v 3.0 (36) . Mean body shapes were calculated for each taxon, and independent contrasts (78) in ape (79) were used to evaluate whether larval body shape PCs were correlated with univariate continuous metrics (e.g., larval body length-to-body width ratio). The function "compare.evol.rates" (37) in geomorph was used to test whether lineages with different life cycles or larval ecologies have different rates of body shape evolution. This function uses the aligned specimen coordinates to estimate multivariate evolutionary rates (σ 2 ) for each group of taxa. The rank-ordered rate ratio (Sigma D) was used to compare the degree of difference in σ 2 among groups of taxa. Observed rate ratios were compared with a simulated distribution of 9,999 rate ratios. These analyses were based on a pruned consensus of our 1,000 chronograms.
Rates and Optima of Vertebral Column and Adult Body Form Evolution. We used OUwie v. 2.1 (38) to fit BM and OU models to the evolution of trunk vertebral numbers, adult body form, and adult trunk form. We compared models that estimated a single rate of trait evolution (σ 2 ) and trait optimum (θ) across the phylogeny with models in which θ and/or σ 2 could vary among different selective regimes (OU θ , BM θσ 2 , and OU θσ 2 ). Alternative selective regimes (e.g., life cycles, ecologies) are described in Results. The "strength of selection parameter" (α) of OU models can be set to vary between groups (i.e., OU θα and OU θσ 2 α ). However, we did not include these models, because α values were generally low (<0.01) (38) and did not show improvement in fit when separated by a selective regime. We fit all BM and OU analyses across 1,000 simmaps (80) per model on 1,000 pruned, post-burn-in Bayesian chronograms, and used ΔAIC scores and AIC weights (81) to compare the fit of models. Additional information on data transformations and outliers is provided in SI Appendix, Tables S2-S5. We estimated 95% confidence intervals (CIs) for parameters (σ 2 , θ, and α), and further evaluated the validity of the parameters through simulation using the "multiOU" function in phytools (80) . We also used BM-based "evolvcv.lite" in phytools (80) to compare bivariate evolutionary rate matrices (82) between groups of direct developers.
